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ORIGIN AND DEVELOFMENT OF LEADING-EDGE CRACKS IN TURBOJET ENGINE BUCKETS

By D. F. Springsteen, C. A. Gyorgek, and J. R. Johnston

SUMMARY

An investigation was conducted to study the origin and development
of leading-edge cracking in turbine buckets. B8ix materisls were studied:
5-816, M-252, Inconel 550, Inconel 700, Hastelloy R-235, and Jetalloy
1570. A few selected buckets from lots of 5-816, M-252, and Inconel 550
were given special stress-relief treatments such as electropolishing,
ammealing, and reheat treating. The effect of aliminizing S-816 buckets
was also investigated. All the buckets were run simultaneously in =a
J47-25 engine operated in a cyclic menner, 15 minutes at rated speed and
approximately 5 minutes at idle.

The results of the investigation indicated that all the materials,
as tested, develdped lesding-edge cracks. The total operating time un-
til the cracks were first detected varied appreciably, ranging from 55
hours for Inconel 550, M-252, and Inconel 700 to 245 hours for Jetalloy
1570. After crack detection, most of the buckets operated well over
100 hours before fracturing. Special treatments such as stress-relief
ennealing, electropolishing, and reheat-treatment appeared ineffective
in improving either the crack or fracture resistance of the speaially
treated slloys. An anaslysis of the factors that could affect the de-
velopment of cracks in turbine buckets (cemtrifugal stress, vibratory
stress, oxidation, and thermel stress) indicates that the probable
primary cause wes thermal fatigue.

TNTRODUCTION

The development of small cracks in meny of the jet-engine compo-
nents exposed to the hot-gas stream is not a new or unusual phenomenon.
Frequently cracks have been found in such components as combustion
liners, nozzle guide vanes, tailcones, and occasionally in turbine
buckets. The nature and causes of cracking in most of these components
have been studied and reported in litersture. These works are summa-
rized 1in reference 1.
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Generally, the cracks in turbine buckets first sppear as very small
specks along the leading edge. With continued operation the small specks
develop Into cracks which appear to be similar to the cracks sometimes
found in nozzle guide vanes (fig. 1). These gulde-vane cracks are gen-
erally believed to be caused by thermal fatigue (ref. 1). The similar-
ity between the cracking in the buckets and in the nozzle guide vanes
suggests that the bucket cracking might also be attributed to thermal
fatigue. Tests have shown that during starts and stops large thermal
gradients are suddenly produced at-the leading edges of the buckets (ref.
2). These thermal gradients could cause thermal stress that eventually
might cause the leading edge to crack., . However, thermsl stress might not
be the only factor causing the cracks. Still other factors such as
centrifugal stress, vibratory stress, residual stress, and oxidstlion also
could conceivably cause or contribute to crack development.

This investigation was conducted to study the origin and development
of leading-edge cracks in turbine buckets. Specifically, the aim was to
learn when and where the ¢racks first develop; how long a bucket with
cracks would operate before fracturing; whether or not there was a dif-
ference in crack resistance among buckets of different high-temperature
materiels; and what effect several special treatments would have on the
crack resistance of buckets.

Six different hiligh-temperature materials were selected for testing:
5-816, M-252, Inconel 550, Inconel 700, Hastelloy R-235, and Jetalloy
1570. Some S-816, M-252, and Inconel 550 buckets were given special
treatments such as electropolishing, annealing, and reheat treating to
reduce fabricatiaonal-resgldusl stresses. A few 5-816 buckets were alum-
inized tolearn whether this treatment would improve the bucket
performance.

A J47-25 engine was selected for this investigatlon because 1t—1s
one of* several engines in which leading-edge cracks mey be produced.
Furthermore, this engine 1s amenable to bucket evaluation, because 1t
has a single-stage turbine, thus reducing the probability of engine
damage duve to bucket fracture.

MATERTALS, APPARATUS, AND PROCEDURES

Materiels

Eight lots (six alloys) of high-tempersture materials were studied
in this investigation. The msterisels studled were as follows:

(1) M-252 produced entirely from primary metals (hereinafter called
M-252 lot A)

B8T2¥
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(2) M-252 produced from s single heat, using a mixture of primary
metel and revert scrap (hereinafter celled M-252 lot B)

(3) Inconel 550

(4% S-816 randomly selected from a lot of Air Force stock buckets
by chance all were menufactured by ome fabricator but were not
necessarily from the same heat of material)(hereinafver called

S-816 lot A)

(5) 8-816 poured from a single mester heat of material (hereinafter
called S-816 lot B)

(8) Inconel 700
(7) Hastelloy R-235

(8) Jetallioy 1570

Chemical Composition

The nominal and actual chemical compositions. (wherever avallsble)
of the materials tested, as reported by the manufacturer, are presented
in table T.

Forging Procedures

A1l of the buckets, except the 5-816 buckets selechted from Air Force
stock (lot A}, were especially forged for this test by & single menu-
facturer. Four of the materisls employed in this investigation (Inconel
550, Inconel 700, Hastelloy R-235, and Jetalloy 1570) were not availsble
as comercially forged alloys, but were specially forged for this eval-
uation. An outline giving the forging and heat-treating temperstures
for a1l the materials is presented in teble IT.

Special Treatments

Twelve buckets each of M-252 lots A and B, and S-816 lot B; and
eight buckets of both 5-816 lot A and Inconel 550 were selected for spe-
cial trestments as shown in table IITI. The following treatments were

performed:

(1) Electropolishing: Four buckete each of M-252 lot A, M-252 lot
B, S-816 lot B, and Inconel 550 were electropolished to remove the sur-
Pace stresses that may have been produced during the final mechining
operations (approximately 0.002 in. per surface was removed).
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(2) Stress-relief annealing: Four buckets each of M-252 lot A,
M-252 lot B, 5-816 lot B, and Inconel 550 were snhealed at 1500° F to
reduce the residual stresses thabmight have been induced in the buckets
during the finishing operations after heat treatment. Specimens were
heated to 1500° F slowly snd also cooled slowly. ' | N

(3) Complete reheat treatment: Four buckets each of M-252 lot A,
M-252 1ot B, S5-816 lot B, and Inconel 550 were campletely re-solutilon-
treated and reaged after the buckets were received from the fabricator.
This treatment was made to assure stress-relief amnealing, which conceiv-
ably might not-have been accamplished by the stress-relief in item (2).

(4) 100-Hour, repetitive reheat trestment: Four buckets each af
M-252 lct B and S-816 lot A were operated for approximately 100 hours,
removed and completely reheat-treated (solution treated and aged), then
operated again. The procedure wae to be repeated after every additional
100 hours of operation until the buckets develpped cracks. Reheat treot-

ing the buckets was done in an attempt to recover the properties lost be-

cause of internal. damage engendered during engine operation. The first
112 hours of operatbion with these reheat-treated buckets were-performed
in another J47-25 engine, operating with the _same conditlons as described
later in the Engine Operation section. When the 112-hour test was dis-
continued, the buckets were heat-treated and placed in the engine re-
ported herein. S .

(5) Aluminizing: Three S-816 buckets selected from Air Force stock
were aluminized (aluminum coated and diffusion heat-treated by an air-
craft parts menufescturer with experience in"this_process) to learn if
this treatment would improve the cracking resistance of the material.
Aluminizing may improve the performsnce by increasing the reflectivity
end thermal conductivity of the bucket, or possibly by altering the
physical properties of the surface matexial.

Inspection

A1l the buckets were inspected for cracks with fluorescent, post-
emulsion oil penetrant before they were used in the test and passed.
After every 35 hours of operation at rated speed, the buckets were re-
moved from the engine and sgain carefully inepected for cracks. Occe-
sionglly an inspection would be performed before 35 hours had elapsed
if the engine had to he shut down for overhaul because of mechanical
difficulties. For each of the test buckets, a record wes masde at esch
inspection of the number of cracks (if any), the location of cracks,
and the depth of the deepest cracks.

AT
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Physical Make-Up of Test Wheel

Ninety-four test buckets and two thermocoupled standard buckets were
used in the engine evaluation. All had a J47-25-type configuration. The
number of buckets tested for each material and their treatments are pre-
sented in table IV. All the buckets were randomly placed around the
turbine wheel.

Tempersture snd Centrifugel-Stress Distribution

The temperature and centrifugal-stress distribution slong the span
of a J47-25 bucket operating st full power is shown in figure 2. 1In the
initial stage of the btest, the steady-state temperature distribution wes
obtained by operating, in the engine, buckets equipped with thermocouples
located. at 1/2-inch intervals along the span of the bucket. HMore infor-
mation ebout the equipment and procedure for making & tempersture survey
is given in reference 2. The centrifugel-stress distribution was calcu-
lated as explained in reference 3.

Criticsl Cross Section

The critical cross section of a bucket is usually considered to be
the section of the bucket that would be most likely to fail if temper-
ature and centrifugsl stress were the only cause of failure. It is de-
termined by applying previously determined data for stress and temper-
ature distribution in the bucket to the stress-rupture date for the
material, and then finding the expected life of the material at several
points along the span. The cross section with the lowest expected life
is the critical cross section.

For example, for an S5-816, J47-25 bucket, this critical cross sec-
tion is 1.6 inches from the base, and the theoretical life of the material
at this section is about 13,000 hours (fig. 3). These calculations were
based on bar-stock stress-rupture data for 1300°, 1400°, snd 1500° F.
Simple interpolations were used to determine the intermediate isothermal-
stress values, and straight-line extrapolations were used to spproximate
the expected life above 1000 hours. While straight-line extrapolations
introduce inaccuracies, they do offer a means of obtaining order-of-
ma.gnitude velues. :

As will be shown later, the actual bucket lives were only a few
hundred hours, much less than the predicted 1ife of 13,000 hours. Since
the differences are so grest, even large inaccuracies of seversl thou-
sand hours in the predicted life calculations would not affect the con-
clusions that wlll be reached.
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The stress-rupture values for the other five materials are gener-
ally higher then for S-816; therefore, the minimum theoretical life for
these alloys would be expected to be greater than the 13,000-hour vaelue
for S-816 shown in figure 3. A detailed explanation of the procedure
used for debermining the location in the bucket of the critical pross
section is given in reference 4.

Engine Opersation

The J47 engine was operated in cyeles of 20 minutes duration; 15
minutes at maximum rated speed (7950 rpm) and sbout 5 minutes at idle
speed (3000 rpm). The englne wes started and stopped, accelerated and
decelerated in a normal manner, which should produce temperature grad-
ients within the buckets equivalent to those reported in reference 2.
Engine operation was interrupted for routine maintensnce, to replace
fractured buckets, and to shut down at the end of each work dsy. Frac-
tured buckets were repleced with standard S-816 huckets.

When the engine was operating at rated speed (7950 rpm), the centrif-
ugal stress at the critical cross section in the bucket was about 13,000
ounds per square inch. The bucket temperature at this point was 1455C F
IEtailpipe temperature; 1275° F). Periodically the bucket temperature was
checked with the sid of thermocouples mounted in two buckets.

The test was dlscontinued after the engine had beern opersted for a
total of 50C hours at full power.

Mecroexamination of Failled Buckets

Buckets were classifled in two ways, cracked or fractured. The
cracks could range in size from those barely visible to the eye to those
over 1/2 inch deep. A fractured bucket was a bucket that actually rup-
tured during operation. The remmnants of the fractured buckets, particu-
larly the fracture surfaces, were nacroexamined to determine the type
end orlgin of the failure. Photogrephs were taken of typicel fractures
for most of the materisals.

Metallographic Studies of Operated and Falled Buckets

Metallographic studies were performed om 17 of 35 buckets that frac-
tured and 12 unfrectured buckets that had operated 500 hours. The num-
bers of buckets microexamined and thelr conditions sre presented in

table V.

RTZP
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Metallographic work was performed to determine the nature of the
leading-edge cracks and to observe any unusual asppearances in the struc-
ture of the materials. Microspecimens were taken from regions in the
buckets where the cracks appesred and where the fractures originated.
Standard metallurgical procedures were used in preparing the specimens.

RESULTS
Development of Leading-Edge Cracks

The first leading-edge cracks were detected when some thermocouples
had. to be replaced after 55 hours of operation. At this time, 22 buckets
had leading-edge cracks. By the end of the test (500 hr), 92 of the H4
test buckets had cracked.

Generally, the development of the leading-edge cracks followed a
pattern which could be discerned over several consecutive Zyglo inspec-
tions. At first, a few very small cracks would appear in the viecinity
of the critical cross section of the bucket. With continued operstion,
additional cracks would develop sbove and below this region. After
about 100 hours of operation, a bucket that had cracked would have be-
tween 5 end 30 small cracks locaeted between 0.9 and 2.9 inches gbove the
base. Most of the cracks grew to sbout 1/32 to 1/8 inch in depth, then
stopped growling. However, sometimes one or two of the cracks would con-
tinue to grow and cause the bucket to fracture.

Two different types of crack propagation that occur in buckets are
shown in figure 4. In the bucket shown in figure 4(a)(Inconel 550), the
cracks were first detected during the 55-hour inspection. The cracks
propagated at e moderate rate for the next 200 hours but then slowed to
such a slow rate that the bucket was still operating when the test was
discontinued after 500 hours. In contrast to the bucket shown in figure
4(a) is the bucket in figure 4(b)(S-816 bucket). This bucket developed
only a few cracks by 55 hours. However, two of these cracks grew very
quickly, and within 120 hours one of these two cracks was nearly 1/2
inch deep. For the next 125 hours the cracks hardly grew, until finelly
at 306 hours the bucket fractured. '

Development of Bucket Frsctures

Table VI shows data for all the fractured buckets: the time when the
cracks were first detected, the time when the buckets fractured, the time
differential between crack detection and fracture, and the fracture loca-
tion. A total of 35 fractures had occurred when the test was terminated.
The first fracture occurred after 218 hours of operation. All the bucket
fractures that occurred during the test began as leading-edge cracks.
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The minimum time differential hetween crack detection and bucket Ffras-
ture was 92 hours. All the other time differentisls were above 120
hours. The bucket fractures sll begean in the region 1.1 to 2.2 inches
from the base of the bucket, with the largest number of fractures occur-
ring at 1.3 inches.

Comparison of Performance for the Materials Tested

All the materials tested were compared on the basis of resistance
to cracking and resistance to fracture. First, a comparison will be
mede of the as-received materisls (fig. 5). Then, a comparison will
be made of the groups of buckets that recelived special treatments

(fig. 6).

Performsnce of as-received buckets. - All the lots of ss-recelved
materials developed cracks before 245 hours of operaticn at rated speed
as shown in figure 5. In three of these materials, M-252 lot A, Inconel
550, and Inconel 700, cracks were detected as early as 55 hours. The
two materials that displayed the best régistance to cracking were Jet-
alloy 1570 and S5-818 Jot A. Cracks were f£ixst noted in Jetalloy 1570
at 245 hours. Although one of the 3-816 lot A buckets showed cracks at
55 hours, this short time to cracking was so far outside the scatter
band .for the matexrial thgt it could not be considered g representative
bucket. For the remainder of the buckets of the 5-8l6. 1ot A group no
cracks were obgerved until 312 hours of engine operation.

The flrat fracture of an as-received material occurred at 218 hours
to an S-816 lot.B bucket. At -the termination of the test (500 hr), the
three materisls that had no fractures were Inconel 550, Inconel 700, and
Jetalloy 1570. It is interesting to note thet two of these, Inconel 550
and Inconel.700, were amtng the first ta crack.

Performence of specially treated M-252 buckets. - The crack resist-
ance and service-life performences for all the groups aof both M-252
lot A and M-252 lot B were very similar (figs. 6(a) and (b)). When com-
pared on the basis of average time to cracking, all the groups (as-
received, electropolished, annealed, and_;ghggpftreated) for both ma-
terials cracked at about the same time, gpproximately 125 hours.

Bucket fracture occurred in all groups "¢f M-252 during the test.
The first fractures for all groups of 1ots A and B occurred between 290
and 33Q_hours except the annealed M-252 lot B group, which had its first
fracture a little lster at 395 hours. L B )

Performance of. LQO-hpur, repetitive heat-treated M-252 lot B
buckets. - The four M-252 lot—B buckets, reheat-treated {complebely
golution treated and aged) after every 100 hours of opération, developed

612¥
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cracks about the same time as the untreated buckets (approximately 175
hr), as shown in figure 6(c). At 500 hours, three of the repetitive
reheat-treated buckets had fractured as compsred with only one fractured
as-received bucket. Since the repetitively heat-treated buckets cracked
before the second scheduled heat treatment, they received only one
reheat treatment.

Performence of specially treated Inconel. 550 buckets. - All the
groups of the specielly treated and as-received Inconel 550 buckets had
cracks at 55 hours as shown in figure 6(d). None of the groups had frag-
tured buckets when the test was discontinued after 500 hours of
operation. . ' .

Performance of specially treated 5-816 lot B buckets. - All the
gpecially treated S-816 1ot B buckets displayed slightly better perform-
ance than the as-received buckets of the same lot. These as-received
buckets had the least resistance to cracking of any of the S-816 buckets
tested, displaying cracks at 80 hours. The crack resistance of the
electropolished and annealed groups was gbout the same; hoth developed
cracks at about 140 hours. The reheat-treated group showed the best
performance, not cracking umtil 175 hours.

All the groups had an average fracture time of sboubt 325 hours ex-
cept the reheat-treated, which did not have any fractures until after
400 hours. ' o i

Performance of aluminized S-816 lot A buckets. - The crack resist-
ence of the aluminized S-816 lot A buckets was below that of the as-
received S-816 lot A buckets (fig. 6(f)). A1l the aluminized buckets
showed cracks at 55 hours, while all but one (a nontypical bucket) of
the as-received buckets did not begin to show cracks until after 300
hours. - :

The resistance to fracture of the aluminized buckets was below that
of the as-received buckets. The two aluminized buckets that remained in
the engine after the 244-hour inspection fractured before 350 hours,
while only one of the seven as-received buckets had fractured during
500 hours of operation. This bucket was the S-816 bucket which was con-
sidered nonrepresentative.

Performance of 100-hour, repetitively heabt-treabted 5-816 buckets. -
A£11 the S-816 lot A buckets reheat-treated after every 10Q hours of oper-
stion developed cracks between 350 and 400 hours of operation. Their
erack resistance was about equal to the as-received buckets (fig. 6(g}).
The reheat-treated buckets were heat-trested = total of three times.
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Macro- and Microexsmingtlan of Unfractured Buckets

Fifty-nine of the buckets ran the fuil 500 hours without fracturing.

Fifty-seven of these buckets had leading-edge cracks. (Two 5-816 lot A
buckets did not have cracks.) Figure 7 is a set of photographs taken
after 500 hours of operation showing seven typical unfractured buckets
with leading-edge cracks. Each bucket is a different ag-recelved ma-
terial. These photographs in figure 7 were taken with an ultraviolet

1
light after the buckets were given a Zyglo treatment. During the 15

hour exposure time, the Zyglo oll bled from the ciacks, producing the
blotchy effect seen in the photographs.

Microexaminations were performed on the leading-edge regions of the
29 buckets enumerated in table V toc determine the nature of the leading-
edge cracks. 1In almost every instance, the cracks appeared to be inter-
granular. Figure 8 shows photomicrogrsphs of typical leading-edge
cracks as they occurred in the unfractured buckets shown in figure 7.
In all these photographs, the surrounding structures appear normsl fox
the material.

Of all the buckets examined, the only bucket with the slightest in-
dication of sbnormal structure was en S-816 lob B bucket (fig. 9). The
small dark areas in~the grain boundaries may have been caused by vacancy
migrations. Some of the cracks that ultimately developed in the area
were lined with oxides.

Figure 10 is a photograph of a leading-edge crack in an S5-816 lot B
bucket, which appears to be tremsgranular.  This particular crack was
the only definite. transgranular leading-edge crack found during the
microexaminations.

One of the aluminized S-816 buckets was removed from the wheel be-
fore it fructured (after 244 hr of operation), and a section was taken
of the leading edge to determine whether the cracks penetrabed beyond
the aluminum costing. Figure 11(a) is a photomicrograph of the leading-
edge region shown in figure ll(b) The photomicrograph shows diffusion
has taken place between the aluminum coating and the base metal. The
cracks did not extend beyond the diffusion zome (fig. 11(a)).

Macro- and Microexamination of Fractured Bucketn

A1l the buckets that fractured were visually examined to locate the
origin of the fracture. The examinations disclosed that a1l the frac-
tures began at the leading edges of the buckets. The zone where the
fracture began always had the rough sppearance of an intergranular
gtress-rupture-type failure. The zone adjacent to the fracture origin

BT2¥
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had a concentric-ring appearance typical of a fatigue failure, or in a
few cases, a rough, slightly discolored appearance typical of a stress-
rupture failure. When the cracks propagated deeply enough (usually
across sbout one-third of the bucket chord)}, the centrifugal force on
the bucket caused it to fail in tension.

Figure 12 shows the photographs of typical fractured untreated (as-
received) buckets of S-816 (fig. 12(a) and (b)), M-252 (fig. 12(c) and
(a)), and Hastelloy R-235 (fig. 12(e)). None of the other materials
tested incurred fractures during the test.

Microsections of 17 of the 35 fracbured buckets were taken from the
regions where the fractures occurred. Usually the region very close to
the leading edge of the buckets appeared so oxidized that it was diffi-
cult to determine whether the fracture began as a transgranular or inter-
greanular failure. In a few buckets, the region was not too badly damaged
by oxidation, and the fracture origin appeared to be intergranular in
nature. Figure 13 is a photomicrogreph of the region where the fracture
began in a Hastelloy R-235 bucket. The intergranular cracks in this
Hastelloy R-235 bucket soon chenged to transgranulsr and propagated as
g transgranular crack for aboub l/ 2 inch. Another exsmple of & fracture
changing from intergranular to transgranuler, this time in an M-252 buck-
et, is shown in figure 14. -

DISCUSSION OF RESULTS

The results of the investigation showed that all the high-
temperature materials studied were subject to leading-edge cracking.
The total opersting time until the cracks were first detected varied
apprecisbly among materisls, ranging from 55 hours for Inconel 550 to
245 hours for Jetelloy 1570. The resistance to fracturing also variled
appreciably between materials with two of the alloys, Inconel 550 and
Inconel 700, not incurring any fractures before the test was discontin-
ued, while other alloys fractured as early as 218 hours. Since some of
the materials tested were experimentally forged, the febrlcational tech-
nigques used in producing the buckets may not have been fully developed
to the point where they could produce the best engine results. There-
fore, caution should be observed iIn camparing the performence of the
materials.

Although the results of this investigation did not conclusively
define the mechanism by which the cracks originated, some insight into
the mechanism may be obtained by a systematic analysis of the factors
that influence turbine-bucket failure during operation: In this analysis
such factors as cenbrifugal stress, vibratory stress, febricational re-
sidusal stress, thermsl stress, and oxidation will be considered.
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If the centrifugal stress operating on the buckets at the elevated
temperatures were an important factor that contributed to the formation
of the cracks, it-would be expected that the cracks would have formed
only in the ecritical zone. However, cracking was not limited to the
critical zone; it also occcurvred in regions where the combinatlon of
centrifugsl stress and tempersture wes rather low. In addition, calcu-
latlions indicete that 1f centrifugal stress and temperature were the
only factors causing the cracks, the buckets should have been free from
cracks for almost 13,000 hours (flg 2). Since the cracks formed in a
small fraction of this time, it is most likely that some factors other
than centrifugal stress were the primary cause of the cracking.

Vibrationel fatigue was another factor thst did not appear to in-
fluence crack formation significantly. Generally, mechanicel fatigue
fractures are trsmsgranulsr (but not alweys, ref. 5) and occur as a sin-
gle fracture. The cracks obtained in the test were predominantly inter-
granular and in practically every case a multiplicity of cracks existed.
If vibrational fatigue were an Important factor, only a single cragk
would have been expected to develop in each bucket. While vibrational
fatigue does not appear to play an important role in the formation of
the cracks, it is lmportant in propsgation of the cracks asg shown by
the fact 'that most of the fractures (a few M-252 buckets were exceptions)
propagated as transgrenular failures with the concentric—r:.ng appearsance
typical of a vibrational-fetigue fracture. -

Fabricational-residual stress also did notappear to be a direct
contributing factor in the formation of leading-edge cracks. TIf it
had been & direct factor, the bucket lote treated to remove the residual
stress (electropolished, snnesled, and reheat-treated) should have
shown a significant improvement in crack resistance as compared with the
untrested buckets. The tests showed very little, If any, improvement in
crack resistance for all the bucket lots -that received treatments, ex-
cept possibly for & single group of S-816 reheat-treated buckets. It is
pogsible that fabricetional practices play s more important role then
mey be spparent from the test results. The physical properties of—the
alloys could have been so badly dsmaged during forging that no amount of
heat trestment could improve the properties. If this were the case, the
heat treatments tried could have bheen ineffective In removing the damage
done by fabrication.

Metallographic evidence indicastes that most of the cracks were lnter-

granular and that oxidetlon was present along the interface of the cracks.
There 1s no way of telling whether oxidation occurred before or after the
cracks formed. In only one of .the buckets exsmined (an S-816 bucket) was
there an indication that intergranular oxldastion may have taken place
(fig. 9). There ig & possibility that the unususl structure (the dark
areas at the grain boundaries) surrounding the large oxidation concen-
trations shown in figure 9 masy not be caused by oxidetion, but rather

6T2Y
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is a result of the migration of vacancies from the mstrix to locelized
areas in the grain boundaries (ref. 6).

The preceeding process of eliminstion leads us to the conclusion
that the factor appeering to exert the most significant influence on
crack formation is thermal stress. These thermal stresses are caused
by thermal gradients that occur in the bucket during cycling, acceler-
ation and decelerstion. In another NACA engine program (unpublished)
actual measurements have shown that tempersture differentials of 240° F
during starts end 90° F during stops exist at the leading edge between
the skin and a region 0.05 inch beneath the skin. This is equivalent to
a gredient of 4800° F per inch during starts and a thermal gradient of
1800° F per inch during stops. Preliminary calculations of the stress
that would be formed in the leading-edge regions during sbarts indicste
that large enough stresses could be formed to cause plastic flow in the
materiel during the first start. Repeated thermal stressing of the
material during subsequent starts and stops could cause additional
plastic flow, which would demage the physical properties of the material
and eventually lead to crack formation by the mechanism of thermal fa-
tigue. All these data and calculations support the concept that the
cracks could be ceused by thermal stress.

However, the fact that the cracks were intergranular instead of
transgranuler, and that the locations of the first cracks were gener-
ally near the critical cross section instead of the cross section where
the meximum bucket temperature occurred could raise g degree of doubt
as to the importance of thermal stress as a primery factor. Whlle it

might be expected that thermsl-fatigue-type cracks would be transgran-
ular, the magnitude and rate of application of the thermal stresses
along with the corrosive atmosphere could conceivably cause an inter-
granular type of fracture. The fact that the location of the first
cracks was near the eritical point does not necessarily eliminate thermal
stress as the prime cause of the cracks. It is possible that the maxi-
mum transient thermsl gradients do not occur where the meximm steady-
state bucket temperatures are located, but rather at some lower location
in the bucket. In conclusion, it is believed that the primary cause of
the cracks appears to be repeated thermal stress or thermal fatigue.
The remsining factors, centrifugel stress, vibrational stress, residual
stress, and oxldation, probably contribute to the cracking; in fact,
they may be necessary to effect the cracking, but nevertheless, they
sppear to be of secondary importance.

One of the important phenomena noted during the investigation was
the slow rate of crack propagation in the buckets. Usually, the buckets
would operate 100 hours or more at full power after crack detection be-
fore they would fracture (shown previously in teble VI). For exsmple,
in the case of Inconel 550, the cracks propagated so slowly that none
of the buckets fractured 'before the test was discontinued after 500
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hours, even though all the buckets were cracked at 55 hours. In con-
trast with the Incomel 550 performsnce i1s the performance of an S-8l6

lot B bucket which fractured within 92 hours af'ter the cracks were first
detected. Although the performence of this S-816 lot B bucket was very
poor as compared with most S-816 buckets, the 92-hour period 1s a sub-
stantially safe period during which the cracks could have been detected.
There is & small chence that the cracks could have occurred and the bucket
fractured between the major inspection pericds performed every 100

hours. However, in considering that all the other buckets that—fractured
operated well over 100 hours after crack detection, the chances that any
one bucket would bave both developed cracks and fractured between inspec-
tions is quite small. A direct comparison between the data contained
herein and what would be expected in actual service cannot be made be-
cause the operating conditions of one (the number of starts and stops,
the time at max. rated speed, etc.) are probably quite different from
the conditions of the other. TIn all prcobability, the englne test condi-
tions reported would be as severe as those encountered in actual sexrvice,
Or more severe. -

It might be well to emphasize that although repested thermal stress-
ing is probably the cause of leading-edge tréacking, repeated thermal
stressing alone will not cause complete bucket fracture. The leading-
edge cracks must be propagated by creep rupture or fatigue. A long
safety period between crack initiation and bucket fracture is possible
if the bucket 1s designed for very long stress-rupture life in relation
to required serviee 1life, and if the vibratory stresses are low.

SUMMARY OF RESULTS

The results of the investigatlon into the development of leading-
edge cracks occurring in turbojet turbine buckets are summarized sas
follows:

1. A1l the materials tested (S-816, M-252, Incomel 550, Inconel
700, Hastelloy R-235, and Jetalloy 1570) developed leading-edge cracks
during cyclic engine operation. The total cperating time until the
cracks were first detected veried appreclably smong meterials, ranging
from 55 -hours” for ITnconel. 550, M-252, and Inconel 700 to 245 hours for
Jetalloy 1570.

2. The principal factor contributing to the formation of-leading-
edge cracks in the buckets sppeared to be thermal stress. Centrifugal
stress, vibrational stress, fabricational-residusl stress, and oxidation
are probably of secdndary importance to the mechanism. of crack formation.
Vibrational stress (fatigue)} appeared to be.the prlncipal mechanism in
the propasgation of the cracks.

6T2%
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3. The minimm time between crack detection and bucket fracture was
92 hours. In most cases, the chances that the cracks would have bheen
discovered and the buckets removed during a 100-hour inspection are very
good. A direct comparison between these results and what would be ex-
pected In actuasl service cannot be made, because the operating conditions
are probebly quite different. DProbably, the engine test conditions are
more gevere than actual serxrvice conditions.

4. None of the electropolishing, stress-relief annealing, reheat,
or repetitive reheat treabtments eppeared effective 1in improving the re-
sistance of these materials to edge cracking or fracturing. Aluminizing
of S-816 buckets also 4dild not appear to improve resistance to edge crack-
ing or 'fracturing.

Lewls Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, March 15, 1957
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9-816 lot A

Nominal

(Ai'l‘ Force Actual e | e | cmmce | o | e R R NSNS SN ISR R I IR
stock)
8-816 1ot B Raminal 20 20 44 4 4 R [T Qo [ENDY [ Jpe—

(eingle heat)

19.66

- ———

1.42

0.43

M-252 lot A
{(virgin metal)

Eominal

18

53.5

LT L]

- -

]

Actual

19.50

PBalanoe

1.15

0.65

M-252 1ot B
(revert scrap)

HMominal

18

53.5

- o

Actual

20

0.78

0.43

Inconel 550

Nomipal

- ———

- -

A e

15.39

72.18

~- 1 0.05

0.68

0.33

Incanal 700

Nominal

50

o~

e arn

Actual

19.50

48.74

s

0.07

0.12

Hastelloy R-235

15.5

62

2.0

0.6

Actual.

Jetalloy 1570 Nominal | 0.2 |20 30 9 cmeme | 8.5 | omeae e | 4 e I P P Iy
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TABLE II. - FCORGING FROCEDURES AND HEAT TREATMERTS

L YA

Material Forging Heat trentment
ey OF:ra.hlne, Solution trestment First age Becond age
Temperature, | Time, | Quench | Temperature, | Time, | Quench | Tenperature, | Time, | Quench
oy hr oF hr op hr
8-818 lot A —— ———— - — - —— —— - ——
(Alr Force
stock)
8-818 lot B 2100 2150 1 1400 12 bac —— - —
(eingle heat)
M-252 1ot A 2000 1850 4 bag 1400 15 bac ——- - _—
(virgin metal)
M-£52 lot B 2000 1850 4 bag 1400 15 bag —— - ——
(revert scrap)
Tnconel 550 2150 2150 1 | bag 1600 4 | bac 1350 4+ | Pac
Tnconel 700 2100 2150 2 | Pao 16500 4 | Do ——— - —
Hestelloy R-235 2000 2150 1 | Pag 1650 & | bac i S
Jetalioy 1570 2000 2150 4 | bag 1850 24 | Pag a— - —
a‘ib.ter-q;lwnm.
bA:Lr-cooled.

2TOLST WY WVOVN
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TABLE IIX. - BPECIAL TRREATMENTS RENLZRED SOME 3-816, H-o52, ARD INCONGL 550 BUCKETS

Materinl m.lecuro- gtress-ralisf annealed group Rehedt-treated group 100-Hr Aluminized group
polished " repetitive  Trgapg Diffuslon
Eroup :lﬂpnr. 'r::s. Quench Solution treatment FPirst age Second a hest-trbated “:pegf
tor [ ate. ~[Fine, [Quench | Temper- [ Tine , [Quanah [Tempor- [ Tize, | Guench group st =-[Taa,
nwface ature,| he ntgt. he a.t,gzr-u. hr g;'- atupe, | hr
ramcved, op op
n,

3-818 lot A —— ———— - -— ——— - - — - -— —— - _— m— S 13%0 {b) ()
{Alr Force i
atook) ;

3-816 1ot B 0.002 1500 1 eAc 2150 1 | % |2400 (15 | oac | e - | ~—- | 2sme procsdure | —- SR
(s ) a8 rehept-
heat treated

8-816, lot B
m-?:f 1ot & 0.00¢ 1500 1 ®ac 1950 | 4 | % 100 |15 | Cac |- CUNE DT P —— e el
n
met:!)

M-252 lot B 0.00% 1800 1 e 1850 [l Qap 1400 1k oac ——— - ——. Same procedurs | -~ == -
[reheat. ea rehezt
BCTAR) Treated

Inconel Bb0 0.002 1500 1 Sa¢ 2150 1 °ac 1800 ¢ [ Sac |23 4 | e | ee— ---- — =

®Buckets Insercad in gold [wwnace.
®air-cooled.
dyater-quanohad.

Teaperature inoressed 300% F/br until 1500° r.

- e
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TABLE IV. - PHEYSICAL MAKFEUP OF TEST WHEEL

19

[A11 the buckets tested were randamly placed around the turbine wheel.]

Total mumber of buckets tested
As- Electro- | Stress- | Reheat~ | 100-Hr | Alumimm
recelved |polished | relief | treated | reheat- | coated
annesled treated

5-816 lot A 7 - - - 4 3
S-816 lot B 4 4 4 4 - -
M-252 lot A 4 4 4 4 4 -
M-252 lot B 4 4 4 4 - -
Inconel 550 4 4 4 4 - -
Inconel 700 4 - - - - -
Hastelloy R-~235 4 - - - - -
Jetalloy 1570 4 - - - - -




TABLE V. - MICROEXAMINED BUCKETS

NACA RM E57C12

Msterial Tregtment Condition Number
after exemined,
operation
S-816 1ot A | As received Not fractured 1
As received Fractured L
Aluminum coated | Not fractured 1
S5~816 lot B | As receilved Fractured 3
Electropolished | Fractured 2
Annealed Fractured 1
Reheat treated Not fractured 1
Heat treated Fractured 1
M-252 lot A | As received Not fractured 1
As received Fractured 2
Annealed Fractured 1
Reheat treated | Fractured 1
M-252 lot B} As recelved Not fractured 1
As received Fractured 1
Electropolisghed | Fractured 1
Electropolished | Not fraectured 1
Annealed Not fractured 1
Annealed Fractured 1
100-Hr repeti- Fractured 1
tive heat
treated
Inconel 550 | As recelved Not fractured 1
Annesled Not fractured 1
Inconel 700 | As received Not fractured 1
Hastelloy As received Not fractured 1
R-235 As received Fractured 1
Jetalloy As received Not fractured 1
1570

AT
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TABLE VI. - DATA FOR FRACTURED BUCKETS

Material Time to crack | Time to Time Fracture
detection, fracture, between location,
hr hr crackse and | in. shove
fractures, base
hr platform
8-818 lot A:
As recelved 55 306 241 2.2
Aluminized 55 285 165 1.6
Aluminized 55 316 196 2.2
S-816 lot B:
As receilved 80 218 138 1.6
As recelved 106 254 148 l.8
As recelved 106 335 229 1.2
As recelved 140 430 291 1.9
Stress-relief annealed 140 264 124 1.4
Stress-relief annealed 140 302 162 1.6
Stress-relief annealed 244 336 . 92 1.2
Stress-relief annealed 210 413 203 1.4
Electropolished 175 299 124 1.4
Electropolished 175 315 140 1.3
Electropolished 140 331 191 1.4
Electropolished 210 341 131 1.3
Reheat treated 175 407 232 1.3
Reheat treated 244 426 182 1.4
M-252 lot A:
As received . 175 330 155 1.6
Stress-rellef annealed 80 389 309 ——
Btress-rellief annealed 8¢ 434 354 1.8
Stress-reliefl annealed 210 471 281 -—
Electropolished 106 312 206 1.2
Electropolished 80 440 360 1.9
Reheat treated 175 309 134 1.3
100-Hr repetitive heat treated 168 444 276 1.2
100-Hr repetitive heat treated 168 446 278 1.3
100~-Hr repetltive heat treated 168 451 . 283 1.2
M-252 lot B:
As recelved 55 300 245 1.1
As received 80 326 248 1.3
Stresgs-relief annealed 80 289 209 1.4
Stress-relief annealed 106 337 231 1.5
Electropolished 175 319 144 1.7
Electropolished 80 326 256 l.4
Reheat treated 80 323 243 1.5
Hastellogy R-235
As recelved 106 312 206 1.3




(a) Norzle guide vanes. {b) Turbine bucket.

Flgure 1. ~ Bdge cracks in nogzle guide vanes and a turbine bucket.
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Stress, pal

Approximate expectad engine life, hr

20,0 - i
-~  Stress
16,0 —
t] ﬁ\
™~
=
12,000 <
P el —
T RN
Temperature
8,000 ] AN N, 1400
, // RN S
// g AN
4,000 \ \ 300

1500

200

(o} . 1.0 1.5 2.0 2.5 3.0 3.5

Distance from base of bucket, in.

Figure 2. - Teuperature and sitress dilstribution. J47-25 turbine buckets
operated at rated speed, 7950 s tallpipe gas temperature, 1275° F;
(s-816 density, 0.310 1b/cu in.).

Ul

40,0 - —

\
\

30,0 \

25,0 /
20,0 \

15,00 \ (
13,000 =— {— — f— — o e [ —
1
I
E
10,000 |1-6S
o .5 1.0 1.5.. 2.0 5 3.0 3.5

Distance from base of bucket, in.
Figure 3. ~ Critical zone in an 3-816, J-47-25 turbine bucket. Calcula-
tions based on General Electric data for 13009, 1400°, and 1500° F,
Simple interpoletions were used for intermedlate temperature.

Temperature, OF
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NACA RM RE57C12

(a) Incomel 550.
Figure 4, - Examples of crack propagetion in turbine buckets.
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175 8

139

Operation

time, hr

() s-8186.

Examples of crack propagation in twrbine bhuckes.

Figure 4, - Conpludad,
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v Cracks first detected
Bucket fractured
1,2,3,4,5 Bucket mmber

Number of
buckets tested 1 123 4 5
7 5-816 lot 4 A74 W v v
12,3 4 1z 3 <
" §-816 lot B VYV ¥ yv A 4 v
12 3 4 1z
4 M-252 lot A VVV v VvV
w34 3
" M-252 lat B AV A4 A 4
1,2,3,4
4 Tnconel 550 Av4
2 i
4 Inconel 700 % % v
153 & ‘
n Hastelloy R-235 Av h 4
1,2
4 Jetalloy 1570 v ¢ ¥

| 1 1 | {
Q 100 200 300 . 400 500
Time at rated speed, hr

Figure 5. - Comparison of performance of as-received bucket materials. Test discontinoued at 500 hours.
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v Cracks first detected
Bucket fractured
l1,2,3,4 Bucket mmber
Number of .
buckets tested
s s 12 3 4 1 2
4 As received AvA VALV Av.4 A A 4
1l 2 3 4 4 2
4 Electropolished YV v v A A 4
1 4 1 2
4 Annealed vk v _VvV Vv
1 ?ﬁf 4 2
4 Reheat treated Av4 A4 v
(a) M-252 lot A as-received and speclally treated buckets.
2 3 4 3
4 Asg received ]<7 vV _V A 4
1l 2 3 4 2 1
4 Electropolished v AV V.4 h 4 A 4
2 54 1 2
4 Annealed % Avi h 4 h 4
1 % 4 £
‘ Reheat treated Av4 A4 A 4
(b) M-252 lot B as-received and specially treated buckets.
%2 3 4 3
4 As recelved v V A 4
12,5 4
4 100-Er repetitive AvAvi i
heat treated
i | I 3 J
[o] 100 200 300 400 500

Time at rated speed, hr
(¢) M-252 lot B as-received and 100-hour, repetitively heat=treated huckets.

Filgure 6. - Turbine bucket performence. Tegt discontinrued at 500 hours.
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\v4 Cracks first datected
v Bucket fractured
R Removed for metallography
1,2,3,4,5 Bucket mmber -
Number of -
buckets tested 13265"'
4 As received
w
1,2,3,4
4 Electropolished — ?V — I I _«
12354
4 Annealed A4 V’ R
1,2,54
4 Reheat treated Av4
(d) Inconel 550 es-received and specially treated buckets.
l 25 4 1 2— 5 4
4 As received YV v Yy A 4 \ J
1 25 4 23514
4 Electropolished Vv N 3 YV -
12 3 4 1 2 4 3
2 Armesled Avd AvAvA A A i A 4
1 33 4 1 2
" Reheat treated hvJ AvJ AvA A J -
(e) 8-816 lot B as-received snd specially treated buckets.
1 135 4 5
7 As received AvJ g - ¥ A4
1@,3 R 1 2 -
5 Aluminized A AR J
(f) B-816 lot A, as-received and aluminizdd buckets.
1 Jﬁ 4& 5
7 As received v vV v
1,2 3,4
& 100-Hr repetitive - - v ‘, .
heat treated .
— | ! 1 L d -
o3 100 200 300 40C . 500 ) ST

NACA RM E5T7C12

* .

T™me at rated speed, hr
(g} 8-818 lot A as-received and ]100-hour, repetitive heat-treated buckets. N
Figure 6. - Concluded. Turbine bucket performance. Test discontinued t—500 hours.
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(a) 8-818 1ot A as-received  (b) M-252 lot A as-recelved {c) M-252 lot B as-received (d) Inconmel 550 as-recelved
bucket, bucket. buokst. pucket.

Figure 7. - Typical buokets thet operated 500 hours at full power without freoturing. (Fote leading-edge cracks.)
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pa— ; C-~44574

(e) Haatelloy B-235 as- (f) Tncomel 70O as-recelved (g) Jetalloy 1570 as-received
Tecsived bucket. buoket. bucket.

Figure 7.)— Concluded. Typical buckets that opermted 500 hours at full pover without frecturing. (Note leading-sdge
cracks.
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{b) 8-818 1ot B.

) e, RN
LPEMER e X
I X iy »} sy
el ,_-"‘Q;,': R
. AR e
(c) M-2652 1ot A. " (4) ¥-252 1ot B.

Fgure 8. - Microphotographs of leading-sige cracks in buckeis oparated 500 hours without fracture.
different lots of mmterial. X4&00.
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(o) Tnoonel 550,

'..'_ - 4.( X .‘
._. s -:.‘d . N p ~ -‘.__.g-p__
5 R . . "-..." &
! (g) Hamtelloy R-235.

Figure 8, - Conoluded. Microphotographs of leading-
Eight different lots of material. I400.

(n) Jetalley 1570.

edge cracke in buckete opersisd 500 howrs without fracture.
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Figure 9. - Oxidation and void formztion In
graln boundaries of S-816 lot B bucket. X250.

Flgure 10. - Trensgranuler leading-edge crack
in 5-816 lot B bucket. X400,
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34

%

X750.

{(a)} Microphotograph.

(b) 1sX.

Figure ll. - Léoading-edge cracks in aluminized 5-816 lot A bucket.
Operation time, 244 hours.
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(a) S-818 lot A as-received bucket. (b) 8-816 lot B as-received bucket.
Fractured, 306 hours. Fractured, 535 hours.

- 7 7171
(c) M-252 lot A as-received bucket. Fractured, 300 hours.

Flgure 12. - Typlcal bucket fractures resulting from englne operation.



36 NACA RM E57C12

{d) M-252 lot B as-received bucket. TFractured, 330 hours.

C-44530

{e) Hastelloy R-235 as-received bucket. Fractured, 312 hours.

Figure 12. - Concluded. Typlcal bucket fractures resultlng from engine operation.
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Yoo 8
-~ _'
.
ey >
.. "' 1eeding
¥, edge

Figure 13. - Fracture origin In leading edge, Hastelloy
R-235. Fractured, 312 hours.

i . -
T e

Intergremilar Transgranular

NAXTE: o

Figure 1l4. - Tramsition from intergranular to transgramlar fracture for M-252.

Tield, Va.
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